Abstract. Pesticides can exert numerous effects on human health as a consequence of both environmental and occupational exposures. The available knowledge base suggests that exposure to pesticides may result in detrimental reproductive changes, neurological dysfunction and several chronic disorders, which are defined by slow evolution and long-term duration. Moreover, an ever increasing amount of data have identified an association between exposure to pesticides and the harmful effects on the immune system. The real impact of alterations in humoral cytokine levels on human health, in particular in the case of chronic diseases, is still unclear. To date, studies have suggested that although exposure to pesticides can affect the immune system functionally, the development of immune disorders depends on the dose and duration of exposure to pesticides. However, many of the respective studies exhibit limitations, such as a lack of information on exposure levels, differences in the pesticide administration procedures, difficulty in characterizing a prognostic significance to the weak modifications often observed and the interpretation of obtained results. The main challenge is not just to understand the role of individual pesticides and their combinations, but also to determine the manner and the duration of exposure, as the toxic effects on the immune system cannot be separated from these considerations. There is a clear need for more well-designed and standardized epidemiological and experimental studies to recognize the exact association between exposure levels and toxic effects and to identify useful biomarkers of exposure. This review focuses on and critically discusses the immunotoxicity of pesticides and the impact of cytokine levels on health, focusing on the development of several chronic diseases.
Introduction
Pesticides are widely utilized chemicals in agriculture, intended to preserve the productivity of crops and the quality of harvests. The term pesticide includes compounds of different chemical structures and specific mechanisms of action, which allow them to prevent, destroy, repel, or mitigate target pests (1 The universal use of assorted groups of pesticides causes global environmental pollution, as well as the accidental exposure of humans to these pesticides (2) . Pesticides settle into the soil, are discharged into the groundwater and consecutively to rivers and seas, entering the food chain and thus, indirectly, human bodies. Environmental contamination is mostly significant in developing countries, where the use of pesticides is extensive and indiscriminate, while the inadequacy of preparation and equipment to carefully manage pesticides and the absence of strict control increase health risks (3). Of note, among the well-developed countries of the European Union (EU), Italy ranks first in the consumption of pesticides per agricultural area unit (4) .
With regard to the general population, exposure to pesticides occurs at relatively low levels. Usually, at these doses of exposure, pesticides do not produce any permanent harmful effects to adult humans. However, several groups of individuals run a considerable risk either due to increased exposure (e.g., agricultural workers and their families; individuals who reside close to fields where pesticides are applied) or due to increased susceptibility to pesticide toxicity (e.g., children) (5-10). Health effects resulting from pesticide exposure via the dermal, oral, or inhalatory routes vary according to the specific compound involved and may be acute or chronic.
Experimental studies have reported that exposure to pesticides can exert damaging effects on the immune system (11) (12) (13) (14) (15) (16) . The immune system is a composite network of anatomical sites and various specialized cell types which are involved in the defence of an organism against potential pathogens and neoplastic cells (Fig. 1) . The immune response consists of the antigen-non-specific response (innate) andthe antigen-specific one (adaptive). Immunocompetent cells secrete inflammatory mediators, such as cytokines, chemokines, and reactive oxygen species (ROS) and reactive nitrogen species (RNS). In particular, cytokines can regulate innate or adaptive immunity, hematopoiesis, inflammatory processes and many other cellular activities through specific binding to their respective receptors. It has been demonstrated that while in vitro cytokines can act alone, their in vivo actions are synergistic or antagonistic; thus they form an intercommunicative network that results from a delicate balance supporting homeostasis (17) .
This balance shows vulnerability to the actions of a number of chemicals, including pesticides, leading to structural and functional alterations to the system, which ultimately result in a detrimental outcome.
The involvement of the immune system, contributing to the development of pathological conditions, has been previously demonstrated also in the context of different occupational risks (18, 19) . Furthermore, work exposure to biological risks may cause infection from different agents that activate the immune response (20) (21) (22) . Such an activation may induce specific B-cell clones to proliferate as a consequence of the chronic antigenic stimulation sustained by different infectious agents (23, 24) . Moreover, the involvement of the tumor microenvironment along with cytokine release may be associated with tumor development in workers exposed to asbestos or to other fibers (25) (26) (27) .
Although several studies have investigated the effects of exposure to pesticides on the cytokine network, the majority of these studies have analyzed the in vitro effects, whereas in vivo studies have mostly focused on animal models. Therefore, there is a discrepancy in the knowledge of the real impact of these alterations on humoral cytokine levels in humans and, in particular, on the minimum doses that can promote the development of chronic diseases. Herein, we reviewed the literature, focusing on the effects of occupational and environmental exposure to pesticides on cytokine pathways and on the impact of alterations in cytokine levels on health, with particular emphasis on the development of several chronic diseases.
Data collection
In the present review, data were obtained from a focused search of PubMed scientific databases in order to identify articles published in the English language correlating the exposure to pesticides with several chronic immune-related diseases. The majority of studies were identified through a PubMed search using the following terms: 'cancer', 'Parkinson's disease', 'Alzheimer's disease', 'diabetes', 'cardiovascular disease', 'reproductive disorder', 'development disorder' each in combination with 'pesticide' and 'immune system' or 'cytokine'.
Moreover, further publications were identified among the reference list of the screened articles. No restrictions were placed with regard to the country of origin, ethnicity, gender, environmental and occupational settings, or the type or date of publication (Fig. 2) .
Cancer
The hypothesis of the possible association between exposure to pesticides and cancer has been widely investigated; the literature provides substantial evidence that chronic exposure to pesticides, even at low doses, in agricultural, commercial, domestic and garden administrations is associated with an increased risk of cancer, including prostate, lung, liver, breast and colon cancer, as well as non-Hodgkin lymphoma, leukemia and multiple myeloma (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) .
A wide body of data have reported the ability of the immune system to recognize and control tumor growth. There seems to be a tight link between the risk of cancer and the immunotoxic effect of chemical compounds influencing the activity of natural killer (NK) and natural killer T (NKT) cells, macrophages, cytotoxic T cells and cytokine secretion: these alterations have been strongly suggested to affect cancer immunosurveillance, and several pesticides (organophosphates, organochlorines, dithiocarbamates and some fungicides) have been reported to induce the activation of these cells both in vitro, in vivo and in exposed human populations (42) . Data from in vitro and in vivo studies have suggested that the immune system is able to recognize transformed cells, and now it is generally established that avoiding immune detection and elimination is a hallmark of cancer; on the contrary, it has become clear that the immune system can also promote tumor progression by promoting chronic inflammation, influencing tumor immunogenicity and suppressing antitumor immunity (43) .
This dual role of the immune system in inhibiting or facilitating tumor growth is known as cancer immunoediting and consists of three phases: elimination (immune surveillance of cancer), equilibrium (with immunity controlling tumor expansion) and escape (tumor cells differentiate reducing their immunogenicity or inducing immunosuppressive mechanisms, leading to tumor growth). Chemical-induced immunotoxicity, due to pesticide exposure, can compromise any of the phases of immunoediting (42, 44) .
Another possible mechanism of tumorigenicity is suggested by the evidence of neoplastic transformation of chronic inflammatory sites where pesticides can activate innate immune dysfunction, leading to chronic inflammation. Indeed, the increased production of growth factors required to repair tissues damaged by the increased secretion of inflammatory chemokines and cytokines [e.g., tumor necrosis factor (TNF), interleukin (IL)-1, -6 and -8] facilitates tumor cell growth (16, 45) .
If note, our database search did not apprehend any study clearly including human pesticide exposure, cancer and cytokine expression. However, the putative association is strongly prompted by other publications suggesting that modifications in cytokine profiles and other immunological targets can increase cancer risk.
Cassidy et al investigated the correlation between exposure to some insecticides and breast cancer. In biopsies of women evaluated for breast lesions, they found a positive association between the presence of heptachlor epoxide and the prevalence of cancer (46) . Moreover, when these authors exposed isolated human lymphocytes to heptachlor epoxide at concentrations similar to those found in breast biopsies, it was demonstrated that TNF-α, in synergy with estrogens, induced DNA damage via nitric oxide (NO) signaling and initiated neoplastic transformation. In another study, the immunotoxicity of a synthetic pyrethroid was evaluated in 30 greenhouse workers occupationally exposed to α-cypermethrin, by comparing the plasma levels of IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, TNF-α, TNF-β and interferon (IFN)-γ. Exposed workers showed neither clinical signs of immunosuppression nor alterations in total leukocyte or leukocyte subpopulations, while significant differences (p<0.05) were demonstrated for IL-12p70 and highly significant differences (p<0.001) for IFN-γ, IL-2 and IL-8 levels. These findings are highly relevant since the respective mediators are implicated in antitumor immunity and response to infection. These results therefore, support the hypothesis that pyrethroid exposure may reduce host defenses against infection and cancer, mostly in subjects with decreased immune capacity (11) .
We have previously investigated whether exposure to multiple pesticides (including neonicotinoids, pyrethroids and organophosphates), all suspected to be carcinogenic, can influence the Th17/Th22 network. IL-17 and IL-22 serum levels were analyzed in occupationally-exposed greenhouse workers, indicating a significant increase in the levels of IL-22, which has been established to be involved in cancer initiation from inflammation through the activation of the signal transducer and activator of transcription 3 (STAT-3) signaling pathway, while it promotes tumorigenesis via mitogen-activated protein kinase kinase kinase 8 (MAP3K8) signaling. Our results support the hypothesis that oxidative stress and impairment of Th1 lymphocyte function may affect host defenses against cancer in workers exposed to pesticides (12) .
Recently, Dhouib et al reviewed the association between carbamate pesticide exposure, alterations in the immune system and susceptibility to different types of cancer. The authors concluded that carbamates can cause cancer through several non-immunological and immunological mechanisms, including oxidative stress, the suppression of cytokine production in T helper 1 (Th1) cells and the IFN-γ-induced production of NO in macrophages (47) .
The study by Jorsaraei et al showed that carbaryl, another carbamate, reduced both the thymus and spleen weight in rats; in addition, carbaryl significantly decreased spleen lymphocyte proliferation and IL-2 production, altered the Th1/Th2 balance towards the Th2 response through the inhibition of IFN-γ and the increase of IL-4 and IL-10 production, and also reduced pro-inflammatory cytokine (IL-1β and TNF-α) production by macrophages (48) . Thus, according to the same authors, carbaryl may promote cancer development through the utilization of immune response mechanisms.
Chlorpyrifos and its derivatives have also been implicated in carcinogenesis. In a recent study, an in vivo administration of chlorpyrifos to rats demonstrated a modest negative correlation between exposure levels and the number of NK cells, which are known to play an important role in cancer immunosurveillance (49). Moreover, it has been recently demonstrated that methyl parathion and chlorpyrifos promote the production of inflammatory citokines, such as TNF-α, IL-6 and IL-1β in human hepatocellular carcinoma (HepG2) cells, thus negatively influencing the expression of the paraoxonase 1 (PON1) gene. Importantly, a decreased expression of the PON1 gene may increase susceptibility to organophosphate toxicity and the incidence of diseases related to chronic inflammation, such as hepatoceullular carcinogenesis (1,50,51).
Parkinson's disease
Parkinson's disease (PD) is a neurodegenerative disease mostly affecting the motor system and is characterized by tremor, rigidity, postural reflex impairment and slowness. This debilitating condition is caused by the selective depletion of dopamine (DA) neurons in the substantia nigra pars compacta (SNpc) region and DA levels in the corpus striatum of the nigrostriatal DA pathway (52) . DA neurons are particularly susceptible to oxidative stress owing to their low antioxidant capacity and elevated content of oxidation-prone molecules (DA, lipids and iron). The exact etiology and mechanisms of action of PD are still unclear.; however, there is strong evidence to suggest that glial reaction and neuroinflammation play a role in its pathogenesis (53) .
Glial cell activation is a frequent characteristic both in patients and in animal models of PD, and microglia and astrocytes are considered to play pivotal roles in the neuroinflammatory processes related to PD development. Moreover, it has been hypothesized that the excessive activation of microglia leads to the increased induction of pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6 and IFN-γ, inducing the degeneration of SNpc dopaminergic neurons. Furthermore, microglial activation promotes the release of pro-inflammatory mediators which are responsible for astrocyte activation, which in turn contributes to neuroinflammatory processes in PD (54) .
Several studies have suggested that environmental factors, such as neurotoxins, pesticides, insecticides and DA itself may play a role in the pathophysiology of PD through the neurodegeneration of SNpc dopaminergic neurons, impairing mitochondrial function and activating microglia, thus finally inducing the accumulation of ROS and inflammatory factors (55) (56) (57) (58) .
PD is probably the neurological disease most frequently associated, by epidemiological studies, with exposure to pesticides in occupational or environmental settings. Overall, available data have provided sufficient evidence to establish an association between exposure to pesticides in general and an increased risk of developing PD; however, the evidence does not appear so convincing in order to confirm a causal association (59) . Thus, experimental data on rodents have suggested that pesticide exposure represents a risk factor for PD. Importantly, paraquat and rotenone, known to cause neuroinflammation and dopaminergic cell loss, are the most common pesticides used to establish toxin-based animal models of PD (60) (61) (62) (63) . Moreover, Mitra et al demonstrated that treatment with paraquat caused behavioral impairment, as well as an increase in ROS and TNF-α levels in the substantia nigra in rats (64) . In another study, Mangano et al demonstrated that a genetic deletion of IFN-γ protected SNpc DA neurons from the harmful effects of paraquat, and normalized modifications in inflammatory and oxidative factors (IL-1β, TNF-α) within this brain region (65) . Therefore, the authors concluded that IFN-γ influences paraquat-induced neurodegeneration, implicating oxidative and pro-inflammatory pathways. Moreover, the release of TNF-α and IL-1β from microglial BV-2 cells is also increased following treatment with rotenone as reported by Yuan et al (66) . Exposure to some organochlorine pesticides, particularly dieldrin, has been shown to result in selective dopaminergic neurotoxicity that may be mediated by intracellular ROS production, regulating NOX2 and microglial activation (67) (68) (69) (70) . In another example of the deleterious effects of pesticides, the chronic subjection of rats to dichlorvos, an organophosphate insecticide, causes microglial activation with the induction of NADPH oxidase and pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) (71). It is important to note that microglial activation itself represents a risk factor for PD by enhancing the susceptibility of DA cells to dichlorvos toxicity (71).
Diabetes
Diabetes mellitus (DM) is a chronic progressive disease characterized by systemic hyperglycemia which results from alterations in insulin action, insulin secretion or both. DM, particularly type 2, is considered a multifactorial disease in which genetics and lifestyle play a significant role, as well as environmental and occupational factors. Indeed, Raafat et al demonstrated a strong correlation between the blood concentration of malathion, an organophosphate insecticide, and insulin resistance among farmers (72) .
Type 1 DM is an autoimmune disease, in which the immune system incorrectly targets insulin-producing β-cells in the pancreas. Therefore, this type of diabetes can be considered an inflammatory disease (73) . On the other hand, type 2 DM is a metabolic disorder associated with hyperglycemia, insulin resistance and a relative lack of insulin. This pathology seems to originate from alterations of the immune system, particularly as regards patterns of cytokine expression, resulting in a condition known as 'systemic low grade inflammation' (74). Furthermore, cytokines produced by adipose tissue, such as TNF-α and IL-6, control the secretion of the C-reactive protein from the liver (75, 76) . The stimulation of this inflammatory mechanism seems to be the trigger of insulin resistance in the peripheral tissues (77) .
Recent epidemiological data have demonstrated a marked positive association between human exposure to organochlorines and organophosphate pesticides and DM (78) . On the whole, a positive association of exposure with some organochlorine pesticides [trans-nonachlor, hexachlorobenzene, dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenyldichloroethylene (DDE)] with type 2 diabetes has been evidenced. However, the available bibliographic data are not adequately numerous in order to confirm causality (79) (80) (81) .
However, no human study, to date, to the best of our knowledge, has been performed focusing on the relation between DM or insulin resistance with mechanistic hypotheses which involve the cytokine network and pesticide exposure. Conversely, this putative association has been examined only in a few experimental studies in rodent models of insulin resistance. Thus, a recent study revealed that the increment of immune cells may be a consequence of the increased expression of cytokines, including IL-1, IL-6 and IFN-γ in the liver of rats exposed to malathion (82) . Moreover, Zhang et al demonstrated enhanced levels of malondialdehyde, TNF-α and IL-6 in the muscles of rats exposed to omethoate, a commonly used insecticide in developing countries (83) . The authors concluded with the postulation that omethoate has a potential to cause insulin resistance. Furthermore, a cross-sectional study suggested that farmers occupationally exposed to organophosphosphate pesticides are susceptible to developing neuropsychological disorders, as well as diabetes (84) .
In addition, certain pesticides, belonging to the organochlorine family, seem to be linked with an enhanced risk of diabetes (85) . Duramad et al investigated the effects of environmental exposure to pesticides in children during prenatal and early postnatal development; these authors hypothesized that changes in Th1/Th2 cytokine profiles are involved in the development of several disorders, such as respiratory diseases, allergies, cancer and diabetes (86) .
Other studies have demonstrated increased levels of pro-inflammatory cytokines in rats exposed to organophosphates (87) (88) (89) . Additionally, it has been demonstrated that the peripheral administration of IL-6 induces hyperglycemia and insulin resistance in humans and rodents (90) . A recent study hypothesized that organophosphate pesticides can attenuate the incretin effect and produce insulin resistance via lipotoxic effects, inflammatory stimulation and the induction of oxidative stress. Furthermore, organophosphates were found to cause β-cell dysfunction by overstimulation and the consequent downregulation of muscarinic receptors owing to the accumulation of acetylcholine (ACh), which plays a role in glucose-dependent insulin production (91).
Cardiovascular disease
Cardiovascular disease (CVD) represents the most important cause of death worldwide and the second most common cause of death in high-income countries. A great number of epidemiological studies have supported the correlation between exposure to pesticides and the development of CVD.
A survey performed in Kenyan rural regions revealed that most of the active farm workers suffered from health problems related to the use of different agrochemical compounds. The study analyzed the association of various work tasks, such as horticulture, floriculture and greenhouse (those with a heavy application of agrochemicals) in order to detect cardiovascular symptoms (chest pain, palpitation and leg swelling) in respective workers. Indeed, a significant correlation between agrochemical exposure and CVD was detected (92) . Moreover, a possible association has been suggested between the application of agrochemicals (including herbicides, phenoxy compounds, insecticides, fungicides, carbamates, organophosphates and organochlorines) with mortality due to CVD, such as ischemic heart disease and cerebrovascular accidents among farm workers (93) .
According to the available literature, there is no study to date clearly including human pesticide exposure, CVD and cytokine expression, although a limited number of animal studies describing this complex association is available. Thus, Vadhana et al evaluated the effect of early life permethrin treatment on the hearts of adult rats (94) . They reported higher levels of cholesterol, IL-1β, IL-2, IL-10, IFN-γ and Rantes in plasma, supporting the evidence that the modifications detected in adult rats may be the result of epigenetic alterations occurring during the neonatal age, leading to alterations in chemokines related to cardiac function. Zafiropoulos et al evaluated the effect of repeated low-level exposure to diazinon, propoxur and chlorpyrifos on the cardiac function of rabits and showed that these produce modifications in genomic DNA from cardiac tissues and increase the oxidative stress (95) . In another study, following the administration of omethoate to rats, it was shown that the TNF-α level in cerebral tissue was significantly higher than that observed in the control group (96).
Other chronic diseases
There are a limited number of studies evaluating the correlation between exposure to pesticides and other respective chronic diseases in humans caused by cytokine dysregulation. This association however, still lacks robust support from bibliography. These conditions include: Alzheimer's disease (97) (98) (99) (100) (101) , reproductive (8, (102) (103) (104) (105) and neurodevelopmental disorders (106-109) which require further investigation for more proof.
Limitations of the database
Pesticides can exert various effects on human health by influencing the immune system in the case of both environmental and occupational exposure. Exposure to pesticides induces modifications in the immune system according to the specific pesticide and includes the alteration of well-regulated immune responses to tumor antigens, allergens, self-antigens and microbial antigens that can increase the susceptibility of the organism to develop various types of cancers, allergies, autoimmune and infectious diseases. However, the exact immunological mechanisms which underlie pesticide toxicity remain unclear.
Animal studies have demonstrated that specific pesticides can modify the immune system either morphologically or functionally. Nevertheless, in some cases, the concentrations or doses tested did not indicate relevant exposure concentrations for humans, thus the identification of a link between immunotoxic effects in animal models and human populations remains complex.
The exposure assessments in these studies were generally limited to evaluating broad categories of pesticides or target populations, which may conceal the involvement of specific pesticide or other agricultural exposure (110) . Other limiting factors are exposure to a single pesticide in most immunotoxicity studies, while in real-life situations, individuals are exposed to a wide range of various chemicals and/or pesticides. Owing to the potential antagonism or synergistic effects of chemicals when they are mixed together, the toxicity and the resulting risks may differ as compared to their own effects. This is important in the case of individuals who are occupationally exposed, as the levels of combined pesticides to which humans are exposed to can achieve extremely high concentrations, particularly in manufacturing industries and circumscribed farming areas (111) .
The studies which report immune system disorders in human exposed to pesticides have many limitations, such as a lack of information on exposure levels, differences in pesticide administration procedures, difficulty in characterizing a prognostic significance to the weak modifications often observed and the interpretation of obtained results. It seems that although the exposure to pesticides can affect immune function, the occurrence of immune disorders depends on the levels and duration of exposure to pesticides (112).
Conclusions
There is evidence from experimental and epidemiological studies to indicate that pesticide exposure may affect the immune system through disturbances of the cytokine balance. Equally, it is now well-established that the immune system plays an important role in the development of several chronic diseases. However, it is as yet not clear whether pesticide exposure may lead to chronic illness through direct or indirect effects on cytokines. The main challenge is not just to identify the effects of individual pesticides and their combinations on the immune system, but also to determine the way and the duration of exposure, since the toxic effects on the immune system cannot be separated from these considerations. Therefore, there is a clear need of more well-designed and standardized epidemiological and experimental studies to identify the exact association between exposure levels and toxic effects in order to establish novel biomarkers of exposure.
